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Much recent attention has been devoted towards unravelling the microscopic optoelectronic prop-
erties of hybrid organic-inorganic perovskites (HOP). Here we investigate by coherent inelastic neu-
tron scattering spectroscopy and Brillouin light scattering, low frequency acoustic phonons in four
different hybrid perovskite single crystals: MAPbBr3, FAPbBr3, MAPbI3 and α-FAPbI3 (MA:
methylammonium, FA: formamidinium). We report a complete set of elastic constants caracterized
by a very soft shear modulus C44. Further, a tendency towards an incipient ferroelastic transition
is observed in FAPbBr3. We observe a systematic lower sound group velocity in the technologically
important iodide-based compounds compared to the bromide-based ones. The findings suggest that
low thermal conductivity and hot phonon bottleneck phenomena are expected to be enhanced by
low elastic stiffness, particularly in the case of the ultrasoft α-FAPbI3.
Motivated by environmental and energy issues, hybrid
organolead perovskites (HOP) have drawn a lot of in-
terest in the field of photovoltaic cells [1–7]. Currently,
the state-of-the-art of HOP solar cells is based on al-
loys where methylammonium (MA) and formamidinium
(FA) are both present in the same structure and ca. 10%
are replaced by rubidium (Rb) and caesium (Cs) atoms,
together with concomitant alloying of iodide (I)/bromide
(Br) halogens [8], now reaching power conversion efficien-
cies (PCEs) in excess of 22% [9]. The rapid emergence
and success of hybrid perovskites is widely attributed to
various features such as low cost and low temperature
processing, suitable optical bandgap (especially for io-
dide based HOPs), superb optical absorption across the
visible spectrum, low exciton binding energies and long
charge-carrier diffusion lengths. Much recent attention
has been devoted towards HOPs charge-carrier features
[10–13] and previous experimental studies have success-
fully evidenced the influence of crystal structure on their
optoelectronic properties, as exemplified with the effect
of octahedral tilt on the band-gap [14, 15]. However,
the origin of the softness of HOPs, compared to classic
semiconductors, and its influence on their charge-carrier
dynamics is still lacking a comprehensive understanding
and systematic experimental studies. Furthermore, in
perovskite based thin film solar cells, device performance
is deeply affected by film quality and fabrication pro-
cessing (morphological effects, grain boundaries, etc.),
which makes it difficult to study the intrinsic proper-
ties of HOPs. Single crystals, on the other hand, provide
the ideal platform to uncover their fundamental limits.
In this work, we have investigated low frequency struc-
tural excitations in the cubic phases of the most relevant
compounds implemented in HOPs, namely MAPbBr3,
FAPbBr3, MAPbI3 and α-FAPbI3, in their single crys-
tal form. For additional information regarding structure
and crystal growth please refer to the Supplemental Ma-
terial [16]. We report a complete set of elastic constants,
via the corresponding sound velocities, and we relate the
results to the lower thermal conductivity found in HOP
compounds and the hot phonon bottleneck hypothesis
proposed for such systems. For that purpose, dispersions
of the acoustic phonons have been measured around main
Bragg reflections using inelastic neutron scattering (INS).
Complementary Brillouin light scattering (BLS) experi-
ments have also been used to determine sound velocities
in the bromide-based compounds. The experimental con-
ditions and procedure of both techniques are detailed in
the Supplemental Material [16].
Fig. 1 shows the low energy INS spectra of transverse
acoustic (TA) phonons in MAPbBr3, FAPbBr3, MAPbI3
and α-FAPbI3, measured around the Bragg reflection
(200). Additional data around other Bragg reflections,
(110) and (111), can be found in the Supplemental Ma-
terial [16]. We performed both constant energy and Q
scans at the main Bragg positions. Using the (200) po-
sition as an example, longitudinal (LA) and transverse
(TA) acoustic modes were measured at different recipro-
cal space positions Q = (200) + q in HKL units, with q
along (LA) and perpendicular (TA) to [200] (for TA q is
parallel to [011]). Clear acoustic phonon modes are ob-
served on top of a background. As shown by constant Q-
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FIG. 1. Transverse acoustic (TA) phonon spectra mea-
sured by inelastic neutron scattering in the cubic phase of (a)
MAPbBr3), (b) FAPbBr3, (c) MAPbI3 and (d) α-FAPbI3, for
different Q positions going away from the (002)≡(200) Bragg
peak (i.e. Q = (k k 2)) and for different energy values. With
the exception of MAPbI3 (340 K), all other compounds were
studied at room temperature (RT).
scans, the background results from large quasi-elastic sig-
nals, likely coming from incoherent scattering of hydro-
gen atom excitations present in the MA/FA molecules,
as it has been previously studied on powder samples in
MAPbBr3 [17]. Energy scans performed at various mo-
mentum vectors around the Bragg positions revealed that
the quasi-elastic signal occurring in the energy window of
the acoustic phonons is almost independent of the sam-
ple orientation and weakly dependent of the longitudinal
momentum. The quasi-elastic signal corresponds to a flat
contribution in constant-energy scans, whereas acoustic
phonons show up as a double peak structure at symmet-
ric positions of the Bragg reflection (e.g. Fig. 1(d)). As
a result, even though the background is relatively large,
one can easily separate it from the dispersing and sym-
metric phonon modes. All neutron spectra have been fit-
ted as described in the Supplemental Material [16], from
which the phonon energy can be extracted.
By varying the distance q to the nearest Bragg peak,
Γ point, one can draw the dispersion curves, which are
reported in Fig. 2 and in Supplemental Material [16].
Each sub-figure represents measurements at a different
Bragg position or propagation direction. We derive the
phonon sound velocity V from linear regressions along
most directions and then, with simple rules of elasticity
in cubic systems [18], readily determine the correspond-
ing elastic constants for the four perovskite compounds.
Fig. 2(a) and 2(b) specifically show the sound ve-
locities of transverse and longitudinal acoustic phonons
around the (002) Bragg reflection. These respectively
yield C44 and C11 in a rather direct way (C = ρV
2)
which are then plotted as a function of the lattice con-
stant in Fig. 2(c). A summary of the determined sound
velocities by INS for all four HOP compounds is given in
the Supplemental Material [16] and the extracted elas-
tic constants are in Table 1. Considering the obtained
elastic constants we can also calculate the bulk modu-
lus K = 1/3(C11 + 2C12) [18], Zener anisotropy index
A = 2C44/(C11−C12) [19] and longitudinal/transverse
(L/T) ratio for all systems (see Supplemental Material
[16]).
Immediately we note that C12 in α-FAPbI3 is nega-
tive, but still it respects the necessary Born elastic sta-
bility criteria for cubic systems [20, 21]. A negative C12
simply implies that a cubic material, when uniaxially
compressed along a [100] direction, will contract in the
other two directions ([010] and [001]) and in that way,
try to maintain an isotropic structure. Nonetheless, the
negative C12 together with the very low bulk modulus,
confirms the very unstable nature of α-FAPbI3 (whose
metastable single crystals last less than a week in the
α phase [22]) and why it has actually been paired with
MA, Rb and Cs for better performing photovoltaic de-
vices. As shown in Table 1, the four perovskite com-
pounds exhibit an overall sizeable elastic anisotropic na-
ture (A6=1), which can be mostly attributed to the very
low shear modulus C44. MAPbI3 stands out with its
relatively higher (around double) C44 which results in a
discrepant, although still anisotropic, Zener index. How-
ever, it should be noted that the measurements were per-
formed at 340 K, just above the transition to the cubic
phase [23], resulting in an additional anharmonicity ef-
fect. The remarkably low shear moduli are much more
evident when compared to the ones of classical semicon-
ducting materials such as GaAs, AlAs, etc., where the
elastic constants are in the 102 GPa order [24]. It is be-
lieved that the rotation/tilts of the corner sharing PbX6
octahedra [25] could be responsible for the particularly
low shear modulus and large anisotropy in HOPs.
As evidenced in Fig. 2(c), C11 and K decrease notice-
ably with increasing lattice constant. These two quan-
tities are, therefore, lower in iodide-based systems com-
pared with bromide ones, especially in α-FAPbI3 where
they are a third of its bromide counterpart. This indi-
cates a structural instability when the lattice parame-
ter exceeds 6.4 A˚. The relatively higher bulk modulus in
MA-based compounds should be related to a steric effect,
where the more symmetric and rotating MA molecules
lead to more compact structures, which in turn results in
larger binding elastic interactions. It is worth emphasiz-
ing that, by construction, the acoustic branches are defin-
ing the lowest zone boundary phonons and thus, related
to the lowest peaks of the phonon density of states. That
also implies that the Debye temperature is very small
3TABLE I. Summary of the elastic properties at RT for MAPbBr3, FAPbBr3, and α-FAPbI3 and at 340 K for MAPbI3, as
measured by Inelastic Neutron Scattering (INS) and Brillouin Scattering (BS). In α-FAPbI3, the bulk modulus is found: K=
0.1 ± 2.3 GPa (we here only quote the positive range which is only physically meaningfull).
Elastic Constant
MAPbBr3 FAPbBr3 MAPbI3 FAPbI3
INS BS INS BS INS BS INS BS
C11[GPa] 34.5±1.2 32.2±0.2 27.7±1.6 31.2±0.2 21.8±1.3 n/a 11.1±2.0 n/a
C44[GPa] 4.1±0.2 3.4±0.1 3.1±0.1 1.5±0.1 7.3±0.3 n/a 2.7±0.3 n/a
C12[GPa] 18.5±2.0 9.1±0.8 11.5±2.4 9.4±0.5 11.3±3.1 n/a -5.5±2.2 n/a
Bulk modulus [GPa] 23.9±1.3 16.8±0.1 16.9±1.7 16.667±0.3 14.8±1.7 n/a 0.0-2.4 n/a
Anisotropy, A 0.52±0.0.05 0.29±0.01 0.38±0.03 0.14±0.01 1.38±0.22 n/a 0.4±0.2 n/a
L/T ratio 8.7±0.5 9.5±0.3 8.9±0.7 20.8±1.4 3.0±0.2 n/a 4.3±0.9 n/a
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FIG. 2. Acoustic phonon dispersion curves of the four HOP (a) TA and (b) LA phonons close to the (002) Bragg reflection,
measured by INS. The data for a given configuration (q direction) is regrouped for the different HOP systems and differentiated
by different colors and symbols. (c) Elastic constants C11 and C44 (black) as well as the bulk modulus K (red) behaviour as
a function of the changing lattice constant between compounds. (d) Sound velocity diagram for FAPbBr3 and MAPbBr3, as
determined by Brillouin light scattering. The velocity is given as a function of the angle between the direction of measurement
and the [100] direction.
(i.e. about 30 K). More, as a function of lattice constant,
this quantity exhibits the same trend as for C11 and the
bulk modulus. The observation that iodide materials are
softer than bromide materials, as well as FA-based com-
pounds versus MA-based ones is consistent with recent
static nanoindentation measurements of the Young mod-
ulus [26, 27], though α-FAPbI3 was not explored (see
table in Supplemental Material [16] for comparison). In
contrast, recent pulse-echo ultrasonic measurements at
low frequency (10 MHz) and in the 140-350 K tempera-
ture range [28], show larger sound velocities for MAPbI3
than for MAPbBr3. However, the results of Anusca et
al. [28] are also in disagreement with other ultrasonic
studies [29, 30]. Yet it should be noted that the sound
velocity attenuation is very large at 10 MHz and strongly
affected by the structural phase transitions. Brillouin
light scattering on the other hand, allows exploring the
same properties in the GHz range, intermediate between
ultrasonic and neutron scattering measurements.
Sound velocities were measured in both bromides com-
pounds at room temperature (RT) using Brillouin light
scattering, with a set-up in the [100], [010] base plane
[29]. Five different incidence angles between the nor-
mal (0°) and the Brewster angle (25°) are reported in
Fig. 3(a) with the observation of quasi longitudinal and
quasi transverse acoustic modes. A measurement along
the cubic diagonal [110] is also shown. For both bro-
mide compounds, a good agreement between INS and
BLS longitudinal sound velocities is observed (see Sup-
plemental Material [16]). The same applies for the trans-
verse mode in MAPbBr3 [29], within a 5% difference.
In contrast, a 30% difference is observed for the same
mode in FAPbBr3. This is emphasized in Fig. 3(b)
where the sound velocity is presented as a function of
q. One can clearly observe the phonon softening of the
transverse mode at lower q, in the BLS regime, which
indicates a tendency towards a ferroelastic phase transi-
tion [31]. Recording that this specific sound velocity is
related to the C44 elastic constant as C44=ρV
2 (where
ρ= 4087 kg/cm3 is the density of FAPbBr3), it means
that a 30% softening of the sound velocity corresponds to
a 60% re-normalization of C44. Interestingly, the values
4obtained by laser ultrasonics [30], where a set of elas-
tic constants was also given for MAPbBr3, are in good
agreement with our BLS results and a similar softening
of C44 is observed too.
The softening of the C44 elastic constant is typically
related to the proximity of a ferroelastic transition [31]
which, in this case, can be only incipient. To test that
possibility, we have performed a temperature study of
the acoustic branch using INS. A softening of acoustic
phonon at Q = (2, 0.025, 0.025) is indeed observed
right below RT in FAPbBr3. As shown in Fig. 3(b), the
shear modulus C44 is drastically reduced upon cooling,
however, that effect is stabilized below ∼270 K. Actu-
ally, this temperature range corresponds to the growing
of an additional scattering in elastic neutron scattering
at the M point, like e.g. Q = (3/2, 1/2, 0) (Fig. 3(b)).
The measurements of the M point intensity show the ap-
pearence of a phase transition at 263 K in FAPbBr3 to-
wards a tetragonal structure, caracterized by a doubling
of the cubic unit cell. In general, lead perovskites are
indeed known to exhibit structural instabilities at both
the M and R points [32]. From Fig. 3.b, one can see that
the phase transition is blocking the development of the
ferroelastic instability, limiting pre-transitional effects at
high temperature, compared to what would be expected
for a true ferroelastic transition [31]. By linearly extrap-
olating the high temperature behaviour, we can estimate
that such a ferroelastic transition would occur at 240 ±
20 K, barring the occurrence of the structural instability
at the M point. Consistently with an aborted ferroelastic
instability, a very modest phonon broadening is observed
with decreasing temperature from 300 to 230 K.
HOPs are characterized by high electron/hole free
charge carrier mobility at room temperature. At high
temperature ranges such as RT (10 times the Debye tem-
perature), the electronic mobility, µ, is typically gov-
erned by phonon scattering, via electron-phonon cou-
pling (Fro¨hlich phonon emission). The whole phonon
spectrum will then contribute to the electronic scattering
rate, 1/τ (µ is proportional to the electronic relaxation
time τ ). However, for intra-valley electron bands of di-
rect gap semiconductors like the 3D HOP, the scattering
rate should also be enhanced by collisions with low en-
ergy longitudinal acoustic phonons. When the acoustic
phonon contribution is considered, the electronic scat-
tering time, τ , is expected to be proportionnal to the
average squared longitudinal sound velocities [33], i.e.
proportional to the average elastic constants such as C11
or the bulk modulus K that are shown in Fig. 2(c).
The contributions to the carrier mobilities related to in-
teractions with acoustic phonons are thus predicted to
be strongly different between iodide- and bromide-based
compounds, but such a large difference is not experimen-
tally observed here. Instead, it further shows that the
carrier mobilities are rather limited by other processes,
namely interactions with optical phonons. Such observa-
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FIG. 3. Softening of C44 in FAPbBr3 (a) as function of
q (at RT) and (b) as a function of temperature (230 - 300
K), around the (002) Bragg reflection. Also in (b) the Bragg
M point intensity (red) across a similar a temperature range.
The bare elastic constant, C044, represents the elastic proper-
ties without the influence of the (incipient) phase transition.
Note that the q scale is logarithmic to underline the broad
q-range covered by both experimental techniques.
tion is corroborated by emission line broadening results
[34, 35], and it confirms that scattering from longitudi-
nal optical phonons is the dominant source of electron-
phonon coupling near RT.
It is necessary, however, to consider the acoustic
phonons in order to explain other optoelectronic prop-
erties that Fro¨hlich optical phonon emission does not ac-
count for. More precisely, a significant hot-phonon bot-
tleneck effect in carrier thermalization is observed in lead-
halide perovskites [36, 37], when carrier injection levels
are high. This is explained by the up-conversion of acous-
tic phonons which recycle thermal (vibrational) energy,
reheating charge carriers and prolonging the cooling pe-
riod of carrier-optical phonon system. Ultrafast transient
absorption measurements reveal two stages of the carrier
cooling process [37]. The first one is related to the in-
trinsic Fro¨hlich phonon emission mentioned above and
does not vary significanlty among the various different
peroskites. On the other hand, in the second cooling
stage, hot carrier-phonon dynamics occur, corresponding
5to a phonon bottleneck effect [36, 37]. The various HOP
materials studied in the present work show, in fact, very
different accoustic phonon densities of states that might
affect hot phonon energy relaxations. At RT, the carrier-
phonon relaxation rate of that second cooling stage is
typically 3 times slower in α-FAPbI3, compared with the
MAPbBr3 system [37]. This is fully consistent with the
difference in elastic constants reported in Fig. 2(c).
Another direct consequence of the lattice softness is the
ultralow thermal conductivities reported in perovskites
[38]. Thermal conductivity is typically proportional to
the square of the phonon sound group velocity [33, 38],
corresponding to an average elastic constant (Fig. 2(c)).
One can then associate lower thermal conductivity to
lower elastic stiffness [27, 39, 40]. It is worth mentioning
that a strong phonon bottleneck effect is essential for hot
carrier photovoltaic devices, as it allows for a long-lived
hot carrier population. Lower elastic bulk modulus, sign
of low thermal conductivity, appears to be, therefore, im-
portant to enhance the hot carrier effect.
In conclusion, our quantitative study of low energy
acoustic phonons presents a complete set of elastic con-
stants of various technologically relevant hybrid per-
ovskites, in their cubic phases, and shows a noticeable
variation of elastic bulk modulus among them. We give a
clear explanation for the ultralow thermal conductivities
measured in hybrid organolead perovskites. Moreover,
the data presented here strongly supports the hypothesis
of the hot phonon bottleneck phenomena, reported by
other authors to explain hot carriers relaxations. Both
processes are expected to be enhanced by low elastic stiff-
ness, especially in the case of the ultrasoft α-FAPbI3.
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FIG. 1. (a) Schematic representation of the typical ABX3 perovskite structure. (b) Reciprocal space coordinates for the cubic
structure, with high symmetry points highlighted.
Sample Preparation
Methylammonium Lead Bromide: MAPbBr3 single crystals were grown by ITC [1]. A solution of MAPbBr3
was prepared in DMF with 1 M concentration and was filtered with a 0.2 µm pore size PTFE filters. 3 ml of the
obtained solution were then placed into a 5 ml beaker which was introduced in an oven at 80 °C and kept for 3 h. To
increase their size, the formed crystals were extracted from the first beaker and place into another beaker containing
fresh filtered solution at the same temperature overnight.
Methylammonium Lead Iodide: MAPbI3 single crystals were grown by ITC [1]. 2 ml of 1 M solution of
MAPbI3 in GBL was placed in an oil bath at 80 °C. Then temperature was gradually increased to 110 °C and kept
for 3 h. The formed crystals of ∼3 mm size were used as seeds for further growth by placing and keeping them in
fresh 10 ml 1 M solution at 100 °C for overnight.
Formamidinium Lead Bromide: FAPbBr3 single crystals were grown by ITC [2]. After the filtration using
PTFE filters with a 0.2 µm pore size, 3 ml of 1 M solution of FAPbBr3 in DMF:GBL (1:1 v/v) were placed into a 5
ml beaker which was introduced in an oven at 40 °C. The temperature was then gradually increased to 52 °C and kept
for 5 h and at 60 °C for 3 h. The size of the crystal can be further increased through the gradual increase of temperature.
Formamidinium lead Iodide: FAPbI3 single crystals were grown by ITC [2]. A mixture of FAI (0.275 g, 1.6
mmol) and PbI2 (0.738 g, 1.6 mmol) was dissolved in 2 ml GBL and filtered through a 0.22 µm PTFE filter. 500
µL of the filtrate was transferred into a 4 ml vial, and placed on a hot plate at 80 °C. The temperature was then
gradually increased to 115 °C and kept for 3 h. The formed crystals of ∼3 mm size were used as seeds for further
growth by placing and keeping them in fresh 1 M solution at 100-105 °C for overnight.
Note: Inelastic neutron scattering measurements on FAPbI3 were particularly challenging since the α-phase, ex-
hibiting photovoltaic properties, is metastable. After a few days, the sample evolves into the yellow phase (δ-phase)
that presents no particular physical interest. In principle, the α-phase can be restored for a short period of time (up
to 7 days) upon heating, which was indeed demonstrated in small single crystals [2]. However, on large single crystals
(as in this particular case) only part of the sample is restored to a single grain and most of the sample remains as a
powder. Aligning on a single grain (about 10% of the total volume) was necessary but, nevertheless, we were able to
measure dispersing acoustic phonons in that system by performing constant energy scans up to 1.2 meV.
Inelastic Neutron Scattering
The coherent inelastic neutron scattering (INS) spectroscopy was conducted using the triple-axis spectrometers 4F1
and 4F2 located on a cold-neutron source at the reactor Orphe´e (Laboratoire Le´on Brillouin, CEA Saclay), with a
fixed neutron wave vector kf = 1.55A˚
−1 and a beryllium (Be) filter to remove high-order neutrons from the beam.
For the particular case of α-FAPbI3, INS measurements were performed at the IN12 spectrometer from the Institut
Laue-Langevin (Grenoble). The conditions were the same, with the exception of the measurements made at the (220)
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Bragg reflection, for which the neutron wave vector was changed to kf = 1.70A˚
−1 and the Be filter was removed. For
all experiments on IN12, a velocity selector was used to removed neutrons with high order harmonics from the incident
beam [3]. All samples have been studied in their cubic phase, corresponding to room temperature (RT), except for
MAPbI3 which has been warmed up to 340 K, above its tetragonal-cubic phase transition. Samples were mounted in
a scattering plane such that the high symmetry reciprocal directions [100] and [011] were within the horizontal plane.
Throughout the present manuscript, the indices refer to the high temperature cubic phase of the HOP lattice. It
should be stressed that MA and FA molecules were not deuterated giving rise to a large incoherent neutron scattering
from the various hydrogen atoms.
Brillouin light scattering
Brillouin light scattering spectroscopy experiments have also been used to study the angular dispersion of acoustic
phonons in MAPbBr3 and FAPbBr3 (measurements in the iodide-based samples were not possible with the current
set-up as they are not transparent to the laser light). Spectra were recorded at 647.1 nm by using a krypton ion laser
and a tandem of Fabry-Perot interferometers where each interferometer is triple passed giving a contrast larger than
10−12.
Experimental Fitting
As in past neutron scattering studies [4], the experimental spectra have been described by the sum of two terms: a
damped harmonic oscillator (DHO) corresponding to the probed phonon mode and the above mentioned background
signal. In constant Q-scans, this background is the sum of a quasi-elastic peak (QE) centered at zero energy and a
constant. The phonon scattering can be described by the following damped harmonic oscillator (DHO) model
S(Q, ω) =
[
1− exp(−
h¯ω
kbT
)
]−1
|F (Q)|2
γω
[(ω2 − ω02)2 + (γω)2]
(1)
where ω0 represents the phonon energy, γ its damping and F (Q) its dynamical structure factor. The prefactor is
the phonon population factor. This expression is convoluted by the spectrometer resolution function and used to
fit the experimental data. For acoustic phonons, the dynamical structure factor can be written F (Q) = Q.ǫ where
ǫ represents the phonon polarization. The wave-vector Q = τ + q, where τ is the nearest Bragg spot and q is the
acoustic phonon propagation wavevector. For instance, branches measured around τ = (2, 0, 0) (as in Fig. 1) are
polarized along [100] whatever the propagation vector q is. The sound velocity is derived as V=h¯ω0/q.
In all cases, the full scattering function is then convoluted by the 4D spectrometer resolution function as explained
in [4]. Some constraints were imposed during the refinements of the data in order to avoid correlations between
parameters. In particular, within each dispersing phonon branch group, the dynamical structure factor and the
damping γ have been constrained in order to have a consistency within each branch. This way the error bars of the
fitted phonon positions are noticeably reduced since the only remaining free parameter is then the phonon energy in
constant Q-scans or its position in momentum in constant energy scans.
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Results
TABLE I. Sound velocities of the four different compounds, measured by inelastic neutron scattering (INS) and Brillouin
scattering (BS), along various directions. For purposes of comparison, we also present sound velocities obtained by Ultrasonic
Scattering (US), from other recent studies [5].
VTA1[ms
-1] q‖[110] VTA2[ms
-1] q‖[110] VTA[ms
-1] q‖[111] VLA[ms
-1] q‖[100] VLA[ms
-1] q‖[110]
α-FAPbI3 INS 800±50 1650±150 1150±30
MAPbI3
INS 1330±30 1200±50 2300±70
US ∼36501
FAPbBr3
INS 900±20 1400±100 1300±20 2700±80
BS 620±20 1700±20 2870±30
MAPbBr3
INS 1030±30 1320±20 3000±50
BS 955±15 1742±20 2910±10
US ∼34002
1 at 330 K.
2 at room temperature (RT).
TABLE II. Mass density and Young elastic modulus along the [100] direction, E[100], of the four perovskite systems in their
cubic phases. The Young modulus can be computed from E[100] = C11 − 2C
2
12/(C11 + C12). A comparison with the Young
modulus determined in two nanoindentation (NI) studies from Rakita et al.a [6] and Elbaz et al.b [7] is presented.
HOP system Mass Density
Young Modulus
INS BLS NI
MAPbBr3 3880 21.5±0.7 28.2±0.1 17.8±1.12
a | 19.6±0.3b
FAPbBr3 3793 20.9±0.7 26.8±0.7 10.2±0.43
a
MAPbI3 4117 14.1±1.7 12.0±0.33
a1 | 14.3±1.7b1
α-FAPbI3 4087 9.7±8.2
1 Tetragonal phase.
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FIG. 2. Longitudinal acoustic phonon spectra measured by inelastic neutron scattering in the cubic phase of (a) MAPbBr3
(RT), (b) FAPbBr3 (RT), (c) MAPbI3 (340 K) and α-FAPbI3 (RT), for different Q positions going away from the (002) Bragg
peak (i.e. Q = (0 0 2+k)) or different energy values.
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FIG. 3. Transverse acoustic phonon spectra measured by inelastic neutron scattering in the cubic phase of (a) MAPbBr3 (RT),
(b) FAPbBr3 (RT) and (c) MAPbI3 (340 K), for different Energy values around the the (111) Bragg peak. (d) LA acoustic
phonon INS spectra for different Energy values at the (220) Bragg reflection.
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